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The cuticle is one of the most important plant barriers. It is an external and continuous
lipid membrane that covers the surface of epidermal cells and whose main function is to
prevent the massive loss of water. The spectroscopic characterization of the plant cuticle
and its components (cutin, cutan, waxes, polysaccharides and phenolics) by infrared
and Raman spectroscopies has provided significant advances in the knowledge of the
functional groups present in the cuticular matrix and on their structural role, interaction
and macromolecular arrangement. Additionally, these spectroscopies have been used
in the study of cuticle interaction with exogenous molecules, degradation, distribution
of components within the cuticle matrix, changes during growth and development and
characterization of fossil plants.
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If I am to know an object, though I need not know





The plant cuticle is the most external and continuous membrane
that covers epidermal cells of leaves, fruits, petals, and non-
lignified stems (Heredia, 2003). It is a composite membrane with
a heterogeneous spatial distribution, Figure 1. Thematrix is com-
posed of cutin, a long-chain and insoluble polymer formed by
hydroxylated and epoxy-hydroxylated C16 and C18 esterified fatty
acids. The inner side is rich in polysaccharides (cellulose, hemi-
celluloses, and pectins) from the plant cell wall, and represents
the attachment site to the outer epidermal cell wall. Other cuticle
components are soluble waxes (mixtures of homologous series of
long-chain aliphatics, such as alkanes, alcohols, aldehydes, fatty
acids and esters, together with variable amounts of cyclic com-
pounds such as triterpenoids) located on the surface (epicuticular
waxes) or distributed through the cuticle (intracuticular waxes),
and phenolic compounds such as cinnamic acids and flavonoids.
Cuticles from some species may contain an alternative, and also
chemically inert, polymer known as cutan, which is thought to
consist of an ether-linked network of methylene chains, double
bonds, and carboxyl groups (Villena et al., 1999; Jeffree, 2006).
Abbreviations: FTIR, Fourier Transform Infrared; ATR, Attenuated Total
Reflection; DRIFT, Diffuse Reflectance Infrared Fourier Transform; NIR, Near
Infrared; CARS, Coherent Anti-Stokes Raman Spectroscopy; TIR, Total Internal
Reflection; DMSO, dimethyl sulfoxide.
Cutan can partially or completely substitute cutin as the cuti-
cle matrix. Significant differences in cuticle composition can be
observed among plants, different organs within a plant or even
among developmental stages of a given organ. Similarly, environ-
mental conditions canmodify the amount and composition of the
cuticle (Domínguez et al., 2012). More details about the chemical
composition and the spatial distribution of cuticle components
can be found elsewhere (Jeffree, 2006; Pollard et al., 2008).
The cuticle is one of the most important plant barriers. In this
sense, the biophysical properties of plant cuticles, structural, ther-
mal, biomechanical, and hydric, are a complex balance between
their protective role and the necessity of the plant to grow and
develop (Domínguez et al., 2011). The main function ascribed to
the cuticle is the protection of plants against uncontrolled water
loss (Burghardt and Riederer, 2006). Additionally, as an interface
between the plant and the environment, it has other secondary
roles (Yeats and Rose, 2013): it represents the first defense against
pests and pathogens, it can efficiently reflect dangerous UV light
(depending on the crystallinity of the epicuticular waxes), and it is
involved in the establishment of organ boundaries during devel-
opment. Plants with superhydrophobic cuticles (Lotus effect)
have further biological advantages in terms of self-cleaning and
reduction of water content in the surface. The self-cleaning of
cuticles can provide an additional defense against the deposition
of pathogens and sunlight-blocking particles, while the reduction
of water can slow down the growth of microorganism and the
leaching of nutrients (Koch and Barthlott, 2009; Yeats and Rose,
2013).
In addition to the biological and agricultural importance
of this plant barrier, its applied use as a source of organic
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FIGURE 1 | Schematic diagram of a transverse section of a plant
cuticle. The figure shows the typical shape of the plant cuticle between
two epidermal cells. Main components and their space distribution are
displayed: the layer below is rich in polysaccharides from the cell wall, while
the top layer is mainly constituted by cutin with a last layer of epicuticular
waxes. Intracuticular waxes and phenolic compounds are spread through
the plant cuticle.
compounds and its importance as plant biomass have recently
begun to be considered. In this regard, cuticle components are
a potential alternative feedstock for aliphatic compounds com-
monly found in oil plants (Tsubaki and Azuma, 2013). Thus, the
potential applied value of tomato fruit peel, grape skins and green
tea residues have been assessed (Arrieta-Baez et al., 2011; Mendes
et al., 2013; Tsubaki and Azuma, 2013). Some of these aliphatic
compounds, specifically cutin monomers, have been used to syn-
thetize long-chain polyesters, resulting in polymers with similar
characteristics to the plant cutin (Benítez et al., 2004a; Heredia-
Guerrero et al., 2009; Gómez-Patiño et al., 2013; Vilela et al.,
2014).
The lipid composition of plant cuticles is commonly deter-
mined by gas chromatography in combination with mass spec-
troscopy or flame ionization. Usually, to improve the resolution,
hydroxyl and carboxylic acids functional groups are derivatized
into the corresponding trimethyl silyl ethers and esters, using
silylation reagents like bis-N,O-trimethylsilyltrifluoroacetamide
(Walton and Kolattukudy, 1972; Jetter et al., 2006). In gen-
eral, the chemical information provided by these techniques
is considered very accurate both in the identification and in
the quantification of these substances. However, these tech-
niques present limitations: the identification of the components
is not always complete, it is not possible to distinguish some
functional groups after depolymerization (e.g., ester/carboxylic
acid/carboxylate functional groups), and non-degradable frac-
tions cannot be analyzed (Pollard et al., 2008). Additionally, they
have substantial weaknesses regarding the structural determina-
tion of such components. More traditional structural techniques
as X-ray diffraction have scarcely been used due to the amor-
phous nature of the plant cuticle (Luque et al., 1995). In contrast,
solid state 13C nuclear magnetic resonance, using cross or direct
polarization and magic-angle spinning methods, allows the iden-
tification of functional groups and structures, the quantification
of themolecular dynamics and the assessment of the cross-linking
capability. Nonetheless, these spectroscopic measurements pro-
vide limited information concerning molecular structure due to
overlapping of the broad spectral lines and, for quantitative mea-
surements, long acquisition times are required (Serra et al., 2012).
IR and Raman spectroscopies are non-destructive and accessi-
ble techniques which have shown important advantages in the
chemical and structural analysis of plant cuticles, e.g., identifi-
cation of functional groups and conformations, determination of
intra- and intermolecular interactions of cuticle components with
exogenous molecules, and qualitative measurements of the cutin
polymerization. These spectroscopies are based on the excitation
of the molecular vibrations of chemical bonds by the absorp-
tion of light (infrared spectroscopy) or the inelastic scattering
of photons (Raman spectroscopy). Both phenomena are gov-
erned by different mechanisms, affecting the exact position, the
appearance and intensity of the bands in the corresponding spec-
tra. Main advantages of Raman spectroscopy are the possibility
of using water as solvent and practically no sample prepara-
tion. Nevertheless, this spectroscopy presents some drawbacks.
For example, fluorescence may interfere with the mechanism of
the Raman effect and overlap the signals. On the other hand, IR
measurements are fast, easy and no interferences are produced
by other mechanisms. However, IR spectroscopy is very sensitive
to water and it cannot be used as solvent. Also, the prepara-
tion of samples for IR spectroscopy presents some limitations
on sample thickness, uniformity and dilution to avoid satura-
tion. Furthermore, the wide set of different modes of acquisition
of infrared and Raman techniques can provide important and
complementary chemical information. For instance, in the trans-
mission mode the sample can be placed directly into the path
of the infrared beam, providing information about whole sys-
tem. Other mode of acquisition is ATR-FTIR. ATR is a useful
technique to obtain the IR spectrum of the surface of samples.
The sample is placed in contact with an internal reflection ele-
ment, a material with a high refractive index, the light is totally
reflected several times and the surface of the sample interacts
with the evanescent wave resulting in the absorption of radia-
tion at each point of reflection. Other interesting feature of IR
and Raman spectroscopies is the possibility of coupling to micro-
scopes (microspectroscopy), allowing the study of structures in
specific regions of a histological section. More information about
the different IR and Raman techniques can be found elsewhere
(Laserna, 1996; Günzler and Gremlich, 2002).
In this review, we summarize the main applications of infrared
and Raman spectroscopies in the characterization of the plant
cuticles. First, the spectral characterization of plant cuticles
and their components is described in terms of assignments,
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relationships between bands, interactions and structure. In the
second part, main applications of these spectroscopies, such as
characterization of the plant cuticle during development and
degradation, interaction with exogenous molecules, characteri-
zation of fossilized plant cuticles, and the chemical imaging of
specific components, are reviewed.
CHARACTERIZATION OF PLANT CUTICLES AND CUTICLE
COMPONENTS
PLANT CUTICLES
The characterization of plant cuticles by IR and Raman spec-
troscopies have provided significant information on the nature
of functional groups present in the cuticle matrix and on the
structural role, interaction and macromolecular arrangement of
their components. For an introduction to the topic see Chamel
and Maréchal (1992), Ramírez et al. (1992), Villena et al. (2000),
Ribeiro da Luz (2006).
FTIR spectra analysis of isolated cuticles from different species
allowed the identification of several bands characteristic of plant
cuticles, Figure 2 (Chamel and Maréchal, 1992; Ramírez et al.,
1992; España et al., 2014):
– A broad band around 3400 cm−1 assigned to the stretching
vibration of hydroxyl groups that interact by H bonding, ν(O-
H· · ·O). The intensity of this band depended on the plant
species. The polysaccharide fraction and, secondly, the non-
esterified hydroxyl groups of cutin were considered the major
contributors to this band.
– Two strong bands at approximately 2920 and 2850 cm−1
assigned to the asymmetrical and symmetrical stretching vibra-
tions of CH2 groups, νa(CH2) and νs(CH2) respectively,
accompanied by the corresponding δ(CH2) bending vibra-
tions at around 1468, 1313, and 725 cm−1. These bands were
ascribed to the aliphatic material present in the plant cuticle:
cutin, waxes and cutan.
– A strong band at about 1730 cm−1 corresponding to ν(C=O)
stretching ester vibration accompanied by two bands at around
1167 and 1104 cm−1 attributed to asymmetrical and sym-
metrical C-O-C stretching ester vibrations. These bands were
associated with the cutin matrix.
In addition to these main bands, other minor absorptions can be
observed:
– Shoulders on the ν(C=O) band, usually about 1715, 1705,
and 1685 cm−1. These vibrations were associated with ester
and carboxylic acid groups with different interactions by H
bonding (for more details see section Cutin).
– Bands in the 1650-1500 cm−1 spectral region with variable
intensity depending on the plant species. They were related
to aromatic and C=C functional groups from phenolic com-
pounds or cutan.
– A weak band at 1271 cm−1 assigned to δ(OH) bending vibra-
tions of hydroxyl groups from polysaccharides and cutin.
These assignations have been also used in the study of non-
isolated plant cuticles of seeds (Sugiura et al., 2009; Yan et al.,
FIGURE 2 | Transmission FTIR spectra of isolated cuticles of different
plant species. Some main bands are assigned. Adapted from Chamel and
Maréchal (1992).
2009), stems (Himmelsbach and Akin, 1998; Himmelsbach et al.,
1999), fibers (Morrison III et al., 1999) and epidermal cells
(Stewart, 1996).
In the Table 1 a detailed band assignment of transmission
and ATR-FTIR spectra of isolated tomato fruit cuticles (Solanum
lycopersicum L.) is shown (Ramírez et al., 1992; España et al.,
2014). In general, most intense bands corresponded to the
aliphatic and ester groups of cutin, the main component of these
cuticles. Main differences between red ripe and immature green
stages of growth were ascribed to the aromatic rings and dou-
ble bonds of phenolics. The spatial and asymmetrical distribution
of cuticle components was characterized by ATR-FTIR. Bands
associated with waxes and cutin were stronger in the spectrum
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Table 1 | Main functional groups assigned to the different vibrations present in the transmission (red ripe stage) and ATR-FTIR (immature
green and red ripe stages) spectra of tomato (Solanum lycopersicum) fruit cuticle (adapted from Ramírez et al., 1992; España et al., 2014).
Assignmenta Wavenumber (cm-1) (Intensityb) Cuticle componentd
Transmission FTIR ATR-FTIR
Red ripec Immature greenc Red ripec
Cuticle Cuticle outer Cuticle inner Cuticle outer Cuticle inner
face face face face
ν(O-H· · ·O) 3347 (m, b) 3390 (w, b) 3340 (s, b) 3304 (m, b) 3343 (s, b) Cutin, polysaccharides
νa(CH2) 2927 (vs) 2919 (vs) 2921 (s) 2918 (vs) 2922 (s) Cutin, waxes
νs(CH2) 2852 (s) 2850 (s) 2852 (s) 2849 (s) 2853 (s) Cutin, waxes
ν(C=O) ester 1731 (s) 1730 (s) 1728 (s) 1731 (s) 1728 (s) Cutin
ν(C=O· · ·H) ester 1713 (m, sh) – – – – Cutin
ν(C=O· · ·H weak) acid – 1707 (m, sh) 1706 (m, sh) 1707 (m, sh) 1700 (m, sh) Cutin
ν(C=O· · ·H strong) acid – 1687 (w, sh) 1685 (w) 1686 (w, sh) 1685 (w) Cutin
ν(C=C) phenolic acid 1624 (m) 1635 (w) 1629 (w) 1628 (m) 1627 (s) Phenolic compounds
ν(C-C) aromatic 1606 (s) 1605 (w) 1606 (w) 1605 (m) 1606 (m, sh) Phenolic compounds
ν(C-C) aromatic
(conjugated with C=C)
1551 (w) 1550 (vw) 1556 (vw) 1552 (w, b) 1555 (w, b) Phenolic compounds
ν(C-C) aromatic
(conjugated with C=C)
1515 (m) 1515 (w) 1514 (w) 1515 (m) 1515 (m) Phenolic compounds
δ(CH2) scissoring 1463 (w) 1463 (m) 1457 (m) 1463 (m) 1457 (m) Cutin, waxes
ν(C-C) aromatic
(conjugated with C=C)
1440 (w) 1440 (w, sh) 1436 (m) 1438 (w, sh) 1437 (m) Phenolic compounds
δ(CH2) wagging and
twisting
1344 (w, b) 1367 (m, b) 1367 (m) 1360 (m, b) 1365 (m, b) Cutin, waxes
δ(OH) 1278 (w) 1244 (m, b) 1243 (m, b) 1246 (m, b) 1243 (m, b) Cutin, polysaccharides
νa(C-O-C), ester 1167 (m) 1166 (s) 1161 (s) 1166 (vs) 1162 (s) Cutin
νs(C-O-C), ester 1103 (w) 1104 (m) 1101 (s) 1104 (m) 1101 (s) Cutin
ν(C-O-C), glycosydic
bond
– 1054 (w, b) 1053 (vs) 1060 (w) 1050 (vs) Polysaccharides
ν(C-O) 984 (w, b) 967 (m, sh) – 984 (w) – Cutin, polysaccharides
γ(C-H) aromatic 833 (w) 834 (w) 833 (w) 834 (m) 833 (w) Phenolic compounds
δ(CH2) rocking 723 (w) 724 (m) 721 (m) 722 (m) 720 (w) Cutin, waxes
aν, stretching; δ, bending; γ , out-of-plane bending; a, asymmetric; s, symmetric.
bs, strong; m, medium; w, weak; vs, very strong; vw, very weak; b, broad; sh, shoulder.
cTomato fruits used in these measurements belonged to different cultivars and some different spectral features can be observed for this reason.
dMain contributions.
of the cuticle outer surface, while in the spectrum of the inner
surface the absorptions assigned to polysaccharides were more
intense.
Besides the characterization of the isolated cuticle, IR was
used to monitor the selective removal of each cuticle compo-
nent (Villena et al., 2000; Johnson et al., 2007; Chen et al., 2008;
Li et al., 2010; Fernández et al., 2011). The chemical removal
of each fraction was accompanied by spectroscopic changes.
Alternatively, polysaccharides and cutin matrixes were directly
studied after extraction and depolymerization of the other cuti-
cle components. A general scheme of the chemical procedures
usually employed is shown in Figure 3A. Thus, cuticular waxes
have been commonly removed by organic solvent extraction and,
then, cutin or polysaccharides have been depolymerized by basic
or acid hydrolysis, respectively. After wax extraction a reduction
of the intensity of the bands associated with the C-H groups,
in accordance to the amount and composition of such waxes,
was observed. Figure 3B shows these changes in peach (Prunus
persica (L.) Stokes) fruit cuticles (Fernández et al., 2011). The
C-H stretching region of the intact cuticles displayed two strong
absorptions (2917 and 2849 cm−1, νa(CH2) and νs(CH2), respec-
tively) and two small shoulders (2954 and 2870 cm−1, νa(CH3)
and νs(CH3), respectively), while in the de-waxed cuticle only
two broader and shifted bands at 2925 and 2853 cm−1 corre-
sponding to the methylene groups of the cutin matrix were
present. Depolymerization by acid or basic hydrolysis produced
stronger changes. In the case of Clivia miniata Regel leaf cuti-
cles, Figure 3C, the bands associated with ester groups from
the cutin disappeared after basic hydrolysis (mainly the absorp-
tion at around 1730 cm−1 ascribed to the stretching of C=O
in ester groups), while polysaccharide bands were removed with
acid treatment (δ(OH) and ν(C-O) bands of secondary hydroxyl
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FIGURE 3 | (A) Scheme for the sequential removing of cuticular components.
(B) ATR-FTIR spectra of intact and dewaxed plant cuticle of peach fruit
(adapted from Fernández et al., 2011, www.plantphysiology.com, Copyright
American Society of Plant Biologists). (C) Transmission FTIR spectra of the
isolated plant cuticle of Clivia miniata leaf after acid, basic or both treatments
(adapted from Villena et al., 2000, with permission of Elsevier).
groups in the region of 1100-950 cm−1) (Villena et al., 2000).
The final residue, cutan, only showed an aliphatic and aromatic
composition.
CUTIN
The IR spectrum of cutin is characterized by its chemical
structure: a polyester formed by polyhydroxy fatty acids. In
the case of tomato fruit cutin, main bands were ascribed to
hydroxyl (ν(O-H) at 3403 cm−1), methylene (mainly νa(CH2)
at 2926 cm−1, νs(CH2) at 2854 cm−1, δ(CH2) scissoring at
1463 cm−1 and δ(CH2) rocking at 724 cm−1) and ester (ν(C=O)
at 1729 cm−1, νa(C-O-C) at 1169 cm−1 and νs(C-O-C) at
1104 cm−1) functional groups (España et al., 2014). Figure 4
shows an ATR-FTIR spectrum of cutin where these bands can be
easily identified.
The C=O ester stretching band is usually accompanied by
different shoulders. The most common one is the absorption
at around 1713 cm−1, indicative of interactions by H bonding
of the ester group (Ramírez et al., 1992; Girard et al., 2012).
Other authors have assigned this vibration to C=O groups of car-
boxylic acids which would appear as consequence of a putative
hydrolysis of esters groups of the cutin after the acid treatment
employed to remove polysaccharides, see Figure 3A (Maréchal
and Chamel, 1996). However, this shoulder is also present in
intact plant cuticles. Furthermore, shoulders at around 1705 and
1685 cm−1 have been detected (España et al., 2014) and assigned
to carboxylic acid groups involved in weak H bonds and COOH
interacting by strong H bonds, respectively.
Other important aspect in the characterization of cutin by
IR spectroscopy is the ratio between the stretching bands of
methylene and ester groups, this is, a relationship between the
most repeated structural unit of the cutin (CH2 groups) and
the bond of the different hydroxyl fatty acids (ester groups)
that cross-link the cutin matrix. This ratio has been used for
qualitative comparisons by several authors (even in isolated
plant cuticles) and calculated in different forms (Benítez et al.,
2004b; Chefetz, 2007; Girard et al., 2012; Heredia-Guerrero et al.,
2012; España et al., 2014). We recommend the ratio of intensities
ν(C=O)/νa(CH2) and the denomination of “esterification
index.” Thus, values of the “esterification index” are directly
related to the cross-linking of cutin. High values of this ratio
imply a higher esterification degree.
CUTAN
Cutan structure from Agave americana L. and C. miniata R. leaves
have been studied by IR spectroscopy, Figure 3C “cuticle after
saponification and acid hydrolysis” (Tegelaar et al., 1989; Villena
et al., 1999). FTIR confirmed the polymethylenic/fatty acid nature
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FIGURE 4 | ATR-FTIR spectra of cutin (adapted from España et al.,
2014, with permission of John Wiley and Sons), waxes (adapted from
Heredia-Guerrero et al., 2012, with permission of Elsevier), and
polysaccharides (adapted from López-Casado et al., 2007) of isolated
tomato fruit cuticle.
of cutan with absorbances assigned to hydroxyl (ν(O-H) at
around 3410 cm−1), methylene (νa(CH2) at 2911 cm−1, νs(CH2)
at 2842 cm−1, δ(CH2) scissoring at 1474 cm−1 and δ(CH2) rock-
ing at 731 cm−1), double bonds (ν(C=C) at 1650 cm−1), car-
boxylic acid (ν(O-H· · ·HOOC) at 2693 cm−1 and ν(C=O) at
1730 cm−1) and carboxylate functional groups (νa(COO−) at
1633 cm−1).
CUTICULAR WAXES
Cuticular waxes can be divided into crystalline and amorphous
domains. Crystalline regions are arranged in an ordered struc-
ture of the aliphatic chains of the waxes, while amorphous zones
are formed by chain ends, functional groups, short-chain aliphat-
ics and non-aliphatic compounds (Riederer and Schreiber, 1995).
These structural characteristics were observed by IR spectroscopy
as well-defined bands from the aliphatic crystalline fraction
(typical absorptions associated with methylene groups such as
νa(CH2), νs(CH2), δ(CH2) scissoring and δ(CH2) rocking) with
contributions of the functional groups that form the amorphous
region: methyl (usually, νa(CH3) and νs(CH3) shoulders at higher
wavenumbers of the corresponding bands for the CH2 groups),
hydroxyl, ester, aldehyde, ketone, carboxylic acid, and aromatic
groups (e.g., Dubis et al., 1999, 2001; Ribeiro da Luz, 2006;
Johnson et al., 2007 and others). Figure 4 shows an ATR-FTIR
spectrum of the reconstituted waxes of tomato fruit cuticle
where the participation of crystalline and amorphous regions is
observed.
ATR-FTIR spectroscopy has been also used to study the phase
behavior and molecular structure of plant cuticular waxes of
Hedera helix L., Juglans regia L. and Malus x domestica Borkh.
using the above-mentioned bands assigned to methylene groups
(Merk et al., 1998; Khanal et al., 2013). The position and shape of
the νa(CH2) and νs(CH2) vibrations strongly depended on tem-
perature: a shift to higher wavenumbers and an increase in band
width was observed with higher temperatures. This behavior
resulted from an increase in the number of gauche conform-
ers, indicating a higher alkyl chain disorder with temperature.
Peak doublets assigned to δ(CH2) scissoring and δ(CH2) rocking
were ascribed to the orthorhombic crystal structure of aliphatic
chains. These two peaks merged into a single band with tem-
perature increase, typical of a transformation to a hexagonal
structure and subsequent melting. Furthermore, the crystallinity
of aliphatic chains was estimated by the ratio of peaks areas at
730 and 720 cm−1, respectively. On the other hand, the analysis of
the phase behavior of pure 1-tetradecanol and 1-octanol and their
binary mixtures by FTIR showed good spectroscopic similarities
with the above described cuticular waxes (Carreto et al., 2002).
In addition, other molecules have been used as models of
cuticular waxes. FTIR spectra of mixed monolayers of oleanolic
acid, one of the most important triterpenoids present in the cuti-
cle, and stearic acid have been carried out. Results showed that
oleanolic acid (up to 0.4 mole fraction) did not perturb the all-
trans conformation of the aliphatic chains of stearic acid (Teixeira
et al., 2007). The ν(C=O) of oleanolic acid suggested that the
carboxylic acid groups formed dimers. When oleanolic acid was
combined with stearyl stearate, the resulting DRIFT spectrumwas
a superposition of the spectra of the single compounds, indicating
the immiscibility of these substances (Teixeira et al., 2009).
Raman techniques have been also employed in the study of
cuticular waxes. TIR-Raman spectroscopy, with a limited pene-
tration depth (40 nm), was used to examine in vivo surface waxes
of barley (Hordeum vulgare L.) leaves (Greene and Bain, 2005)
while epicuticular waxes of mature mango (Mangifera indica L.)
fruit were characterized by Raman spectroscopy (Prinsloo et al.,
2004). A comprehensive analysis of the triterpenoid fraction of
cuticular waxes was carried out by Raman microspectroscopy (Yu
et al., 2007). This analysis resulted in the in situ detection of such
molecules on Prunus laurocerasus L. leaf cuticles.
POLYSACCHARIDES
Despite the importance of polysaccharides in the plant cuticle
(López-Casado et al., 2007; Domínguez et al., 2011; Guzmán
et al., 2014), a comprehensive assignation of the correspond-
ing spectra of this cuticle fraction is missing. Usually, for the
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assignations of polysaccharide absorptions, comparisons with
typical bands of pure cellulose or cell wall polysaccharides have
been carried out. In general, cuticle polysaccharides are charac-
terized by δ(OH) and ν(C-O) bands of secondary hydroxyl groups
(Villena et al., 2000; Johnson et al., 2007). An ATR-FTIR spectrum
of the polysaccharide fraction of tomato fruit cuticle is shown in
the Figure 4.
PHENOLICS
Phenolics have been characterized by IR spectroscopy in tomato
fruit cuticles (Ramírez et al., 1992; España et al., 2014) and
monitored during fruit development (see section Plant devel-
opment for more details). In the 1650-1400 cm−1 spectral
region, five bands were easily identified: ν(C=C) of phe-
nolic acids (1624 cm−1), ν(C-C) aromatic (1606 cm−1), and
three ν(C-C) aromatic conjugated with C=C (1551, 1515 and
1440 cm−1). Additionally, two absorptions at lower wavenum-
bers were detected: C-H and C-C out-of-plane bending vibrations
at 833 and 518 cm−1, respectively. These two absorptions were
associated with 1,4-disubstituted benzene molecules.
APPLICATIONS
PLANT DEVELOPMENT
The plant cuticle is a dynamic system whose chemical composi-
tion and, hence, its properties are changed during development.
These chemical modifications are a source of spectral variability
and have been characterized by IR and Raman spectroscopies.
Analysis of the spectral changes during development has been
carried out in isolated tomato fruit cuticles (Luque et al., 1995;
Benítez et al., 2004b; España et al., 2014). Comparison of the FTIR
spectra of immature green and red ripe tomato cuticles showed
the appearance of absorptions at 1630, 1530, and 900-800 cm−1
in the cuticles of ripe tomatoes, which were ascribed to the func-
tional groups of phenolic compounds and flavonoids (see section
Phenolics for more information) (Luque et al., 1995; Benítez
et al., 2004b). Additionally, changes in the esterification index of
the isolated cutin were observed between these stages (Benítez
et al., 2004b). A more thorough analysis of cuticle changes dur-
ing tomato growth and ripening was performed by ATR-FTIR
(España et al., 2014). Infrared spectra did not change signifi-
cantly during growth and only some differences were observed
during ripening, Figure 5A: an increase in the intensity of the
ν(O-H) and the relative intensity of the 1705 cm−1 shoulder of
the ν(C=O) of carboxylic acids involved in weak interactions
by H bonding and the presence of new absorptions from phe-
nolic compounds and flavonoids in the 1650-1550 cm−1 region
and at 834 cm−1. The area of this last band, γ(C-H), assigned
to the C-H out-of-plane bending vibration of 1,4-disubstituted
benzene molecules, was monitored during fruit development,
Figure 5B. A significant increase was observed during ripening,
starting at mature green and reaching a maximum at red ripe,
which was associated with an important accumulation of phe-
nolic compounds. Change of the area of γ(C-H) was barely
detected in the cuticle inner surface compared to the cutin and
cuticle outer surface, indicating a heterogeneous distribution of
phenolic compounds within the cuticle. Figure 5C shows the
variation of the cutin esterification index, calculated as the ratio
between the intensities of the C=O stretching vibration of the
ester (1730 cm−1) and the asymmetric stretching vibration of
the methylene (2925 cm−1) functional groups, during tomato
fruit development. Esterification values were high during growth
but decreased during ripening, indicating a chemical cleavage of
cutin ester bonds. Deconvolution of the C=O stretching region
showed that ester groups were transformed into carboxylic acid
groups with weak H bonds. The esterification index was related
to the area of the γ(C-H) vibration and a linear relationship was
observed, Figure 5D. Both parameters showed a significant and
negative correlation: an increase in the area of the γ(C-H) was
accompanied by a decrease in the esterification index. This corre-
lation suggested that this band can be used tomonitor the changes
in cutin matrix produced by phenolic compounds. From a dif-
ferent perspective, chemical changes associated with ripening in
the tomato fruit surface were studied in vivo using a portable
spectrometer and a confocal Raman microscope (Trebolazabala
et al., 2013). The main compounds identified in mature green
tomatoes were cutin and waxes, which were significantly reduced
in ripe fruits with the appearance of carotenes, polyphenols and
polysaccharides.
In a similar way, the development of different leaves was
researched by Ribeiro da Luz (2006). In this study a compre-
hensive analysis of the spectral differences between the surfaces
of young and mature leaves was carried out by ATR-FTIR.
Differences in bands ascribed to polysaccharides, amorphous
silica, aromatic compounds and cutin were observed during
leaf expansion. The 1008 cm−1 band, specific of polygalactur-
onic acid, showed little modification in some species (Aesculus
hippocastanum L. and Aesculus octandra Marsch.) but was
increased in others (Carya ovata (Mill.) K.Koch, Cornus florida
L., Liriodendron tulipifera L. and others). The band at 1032 cm−1
generally ascribed to polysaccharides, was stronger in mature
leaves of Acer rubrum L., Quercus alba L., Quercus rubra L. and
others than in the corresponding young leaves. These spectral
modifications could be related to several changes in the polysac-
charide fraction: new compounds, changes in crystallinity, dif-
ferences in hydrogen bonding, anomeric or positional linkages
and/or modifications in the microfibril orientation. Fagus gran-
difolia Ehrh. and Magnolia grandiflora L. displayed a broadening
and displacement of the 1050 cm−1 band during leaf expansion.
This absorption was assigned to amorphous silica and indicated
an increase of this compound as leaves matured. Interestingly,
the band near 840 cm−1, attributed to aromatic compounds,
showed a different behavior depending on the species, decreased
in mature leaves of Prunus serotina Ehrh. but increased in those
of Ginkgo biloba L. Finally, bands around 1727 and 1165 cm−1,
assigned to ν(C=O) and νa(C-O-C), respectively, are related to
the cutin biopolyester. They showed different patterns of vari-
ation during leaf expansion depending on the species: stronger
in young leaves (A. rubrum, C. ovata, C. florida, etc), weaker
in young leaves (L. tulipifera, M. grandiflora, and Q. alba)
or unchanged (A. hippocastanum, F. grandifolia, G. biloba, etc).
Similarly, transition of the ν(C=O) band from a single peak
to a doublet with a shoulder at 1716 cm−1 (associated with
ester groups interacting by H bonds) was also observed in some
species during leaf maturation (A. rubrum, A. hippocastanum,
www.frontiersin.org June 2014 | Volume 5 | Article 305 | 7
Heredia-Guerrero et al. IR/Raman features of plant cuticles
FIGURE 5 | (A) ATR-FTIR spectra in the 3800-600 cm−1 region of young
(15 daa) and mature (55 daa) cutin, cuticle outer face and cuticle inner
face of tomato fruit. (B) Area of the γ (C-H) aromatic band associated
with the presence of phenolic compounds in tomato fruit cuticle during
development. Triangles: cutin; squares: cuticle outer surface; circles:
cuticle inner surface. (C) Cutin esterification index, calculated as the ratio
between the intensities of the C=O stretching vibration of the ester
(1730 cm−1) and the asymmetric vibration of the methylene (2925 cm−1)
functional groups, during fruit development in tomato fruit. (D) There was
a linear relationship between the esterification index and γ band area in
the cutin during fruit development. Adapted from España et al. (2014),
with permission of John Wiley and Sons.
F. grandifolia and others). The opposite was true for other species
(A. octandra and L. tulipifera). These modifications were justi-
fied according to the development of the cutin, with the con-
sequent variations in the esterification index, or other changes
in the molecular environments. On the other hand, FT-Raman
and ATR-FTIR spectroscopies have also been used to analyze
the aging of the surface of spruce needles (Krˇížová et al., 1999;
Plešerová et al., 2001). Mature needles showed a slight decrease
of 2934 and 1440 cm−1 vibrations associated with saturated
aliphatic chains, which was interpreted as a loss of cuticular
waxes.
In a broader sense, IR spectroscopy has allowed the
characterization of different components during the growth of
plant organs. Specifically, the development of the epidermal
cell wall of flax hypocotyls was studied by FT-IR microspec-
troscopy (Stewart et al., 1995). Five days after seed germina-
tion, the main peaks of the spectrum were ascribed to proteins
(ν(C=O) at 1660 cm−1 and δ(N-H) at 1550 cm−1 from the amide
groups) with some participation of suberin/cutin esters (1740 and
1260 cm−1), pectin (1680-1600 and 955 cm−1), and lignin (1595
and 1510 cm−1). Later on, at 11 days, signals of proteins were
reduced in comparison with those of pectin and lignin, while the
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bands of esters did not change. Finally, at 20 days, some strong
new bands at 1510 and 1460-1430 cm−1 were assigned to the
δ(C-H) of methylene groups, indicating an important deposi-
tion of suberin/cutin. Furthermore, the appearance of a strong
band at 816 cm−1, associated with 1,4-substituted aromatic rings,
suggested the combined deposition of aromatic and aliphatic
material during this period.
INTERACTION WITH EXOGENOUS MOLECULES
The cuticle is the first barrier to overcome by any chemical from
the environment before entering the aerial parts of plant. In the
same way, the plant cuticle avoids massive loss of water from the
plant to the environment. The interaction of these molecules,
mostly exogenous chemicals and water, with the plant cuticle
has been characterized by IR and, to a lesser extent, Raman
spectroscopies.
Water-plant cuticle interactions
IR spectroscopy is a powerful technique to determine the config-
uration of water molecules in the plant cuticle. These configura-
tions have been identified by evaporation, heating and addition
of deuterated water (Maréchal, 1996; Maréchal and Chamel,
1996, 1997). At low water concentration two configurations for
H2O molecules were defined: “volatile” and “embedded” water
molecules. “Volatile” water molecules were in equilibrium with
the room moisture and were held by one hydrogen bond formed
with the hydroxyl groups of, mainly, polysaccharides. On the
other hand, “embedded” molecules participated in the hydrogen
bond network of the cuticle, did not evaporate even at tempera-
tures above 100◦C, and were held by two strong hydrogen bonds
with the cutin and the polysaccharides at the same time or by
three of such interactions similar to those described for “volatile”
water molecules. Figure 6A summarizes this description. The
hydration process of plant cuticles was simulated by addition
of deuterated water (D2O). Linear combinations of IR spectra
before, during and after the hydration revealed two chemical pro-
cesses: the fixation of D2O or HDO molecules inside the plant
cuticle and the exchange of O-H groups into O-D groups. In this
context, most of deuterated water molecules were in a “volatile”
state, but some of them could modify the position of ν(C-O)
and ν(C=O) bands, suggesting their penetration inside the cutin
matrix. Concerning the H/D exchange, the difference spectra
of the sample taken before deposition of the deuterated water
droplet and after the submission to a dry atmosphere revealed
that O-H were substituted by O-D groups: νHs (O-H· · ·O) in
the region of 3000-3600 cm−1 and νH(C-O)at 1105 cm−1 were
reduced, while νDs (O-D· · ·O) in the region of 2200-2600 cm−1
and ν(C-O) at 1085 cm−1 were increased.
Similar results were obtained by NIR reflectance, Figure 6B
(Domínguez and Heredia, 1999). In this case, the difference spec-
trum between the decutinized plant cuticles of A. americana leaf
at 98 and 30% relative humidity was analyzed. The combination
band of water molecules in the 1900 nm region showed two rel-
ative peaks at 1905 and 1945 nm. The first one was ascribed to
water molecules with a non-bonded or a very weakly bonded OH
group, while the second one was associated with highly bonded
hydroxyl groups, in other words, “volatile” and “embedded”
FIGURE 6 | (A) Assignment of vibrational bands in an isolated ivy leaf
cuticle. Stretching bands are indicated by two-headed arrows above
wavenumbers and are rounded to 5 cm−1. H2O molecules are represented
in the “volatile” and “embedded” configurations (adapted from Maréchal
and Chamel, 1996, with permission of John Wiley and Sons). (B) Difference
NIR reflectance spectrum between Agave americana decutinized plant
cuticles at 98 and 30% relative humidity (adapted from Domínguez and
Heredia, 1999, with permission of Elsevier). (C) Infrared spectra of
NO2-treated and untreated isolated tomato fruit cuticular membranes in the
1800-600 cm−1 spectral region (adapted from Luque et al., 1994).
water molecules defined above. Also, an overtone band of water
molecules was recorded at 1405 nm, confirming the existence of
two different types of OH groups.
Chemical-plant cuticle interactions
The cuticle plays an important role in the control of the pen-
etration of herbicides, plant growth regulators and hazardous
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chemicals, acting as the first barrier to the sorption and uptake
of xenobiotics deposited from the atmosphere.
NO2 is an air pollutant that shows an irreversible sorption
on the plant cuticle by binding with the phenolic components.
Figure 6C displays the transmission FT-IR spectra of NO2 treated
and untreated isolated tomato fruit plant cuticles (Luque et al.,
1993, 1994). In the infrared spectrum of the treated cuticle
new bands were observed at 1631 and 1278 cm−1, ascribed to
the asymmetrical and symmetrical stretching vibrations of the
NO2 group, respectively, and at 860 cm−1, associated with the
NO2 bending vibration. Furthermore, some spectral modifica-
tions were identified in the region of the aromatic domain of
the plant cuticle. These included a noticeable spectral change
around 1620 cm−1 (interpreted in terms of different chemi-
cal arrangements of specific phenolic compounds after nitrogen
oxide treatment), an increase of the band at 1716 cm−1 (caused by
a shift of the band associated with the keto groups of the pheno-
lic compounds) and small changes around 1550 cm−1. Similarly,
the interaction of DMSO with isolated cuticles was analyzed by
FT-IR (Luque et al., 1994). In this case, the weak bands at 1018
(ν(S=O)), 950 (δ(SCH)), and 714 cm−1 (ν(C-S)) were assigned
to the different vibrations of the DMSO molecule. The compar-
ison with the liquid DMSO showed that the ν(S=O) was shifted
to lower wavenumbers while the wavenumber of the ν(C-S) was
increased. Also, the shoulder at 1713 cm−1, ascribed to ester
groups H-bonding with the hydroxyl groups of the plant cuticle,
disappeared. After DMSO desorption, the infrared spectrum of
the sample was identical to the spectrum of the untreated cuti-
cle, including the reestablishment of the shoulder at 1713 cm−1.
The analysis of these data indicated that a specific and reversible
interaction occurs between DMSO and some chemical functional
groups in the cuticle: DMSO forms an H-bond between the oxy-
gen of the S=O functional group and the hydroxyl groups of the
cuticular membrane.
Epicuticular waxes have an important role in the incorpo-
ration of pesticides to plants. They constitute the first point of
contact with the chemical. The interaction chemical-epicuticular
waxes can produce changes in the chemical stability of the
exogenous molecule and, hence, in its effectiveness. FTIR spec-
troscopy can characterize such interactions. For instance, FTIR
bands assigned to the nitro group of pesticides fenitrothion and
parathion showed significant shifts when were mixed with tomato
epicuticular waxes, revealing a strong interaction that modified
the photodegradation behavior of the chemicals (Fukushima and
Katagi, 2006).
Also, other exogenous material as inorganic particle matter
deposited on plant cuticles can be analyzed. In this sense, Raman
microspectroscopy was used to analyze the composition of these
particles during the foliar lead uptake by lettuce exposed to atmo-
spheric fallouts (Uzu et al., 2010). Raman microspectroscopy
allowed the identification of inorganic material rich in mixed
carbonates of Ca and Mn, MnO2 and PbSO4.
DEGRADATION OF PLANT CUTICLES
Plant cuticles have a moderately high biological and chemical
stability. However, they can be degraded by the action of soil
organisms such as fungi and bacteria. Decomposition of plant
cuticles isolated from tomato fruits, pepper fruits and citrus
leaves incubated in soil was characterized by DRIFT (Chefetz,
2007). Main modifications in the spectra were a decrease of the
absorptions at 2930 and 2850 cm−1 (asymmetric and symmetric
stretching of the methylene groups, respectively) and a reduc-
tion of the 1740-1730 cm−1 vibration (C=O stretching of ester
groups). The ratio of the intensities 2930:1730 remained constant
for tomato samples and was slightly increased with time for the
cuticles of pepper and citrus. These data suggested that cutin was
continuously decomposed in soil, while the fraction of cutan was
practically unaltered.
On the other hand, IR can also be employed to analyze minor
degradation. In this sense, the effects caused by low dose γ-
irradiation in tomato fruit cuticles were identified by ATR-FTIR
(Heredia-Guerrero et al., 2012). Samples after the irradiation
showed an intense reduction of the asymmetric and symmet-
ric stretching vibrations of the methylene groups, 2917 and
2848 cm−1 respectively, while the C=O stretching region (1800-
1650 cm−1), associated with the cutin, remained unaltered, indi-
cating a partial removal of epicuticular waxes of these samples.
FOSSILIZED PLANT CUTICLES
Plant cuticles are frequently preserved in organic fossils
(Almendros et al., 1999). Fossil cuticles are minor constituents in
coals and coaly shales, but major components in some organic
deposits (Kerp, 1991). Many studies on the characterization of
fossilized plant cuticles by IR spectroscopy have been carried
out (e.g., Lyons et al., 1995; Zodrow et al., 2000, 2009, 2012a,b;
D’Angelo, 2006; Zodrow and Mastalerz, 2009; D’Angelo et al.,
2010, 2011; D’Angelo and Zodrow, 2011 and others). In these
studies an improvement of the assignments was achieved by cal-
culation of area ratios. This allowed a better characterization of
the chemical nature and composition of fossilized cuticles. In the
Table 2 a set of such area ratios are shown (Zodrow et al., 2012a).
Additionally, FTIR spectroscopy has been used to compare
cuticles from fossil and extant plants, showing a transforma-
tion during the fossilization of ester groups to carboxylic acid or
ketone functional groups (Mösle et al., 1998). Recently, a fossil
cutin characterized by strong peaks of ester C=O groups (1730-
1715 cm−1) and aromatic C=C absorptions at 1640-1645 cm−1
has been recorded (D’Angelo et al., 2013). The comparison of the
esterification indexes of this cutin and tomato fruit cutin indi-
cated a similar cross-linking degree of the polymeric structure for
the fossil and extant taxa.
CHEMICAL IMAGING
IR and Raman chemical imaging techniques can provide impor-
tant information about the distribution of different compounds
in plant samples with a high chemical selectivity and a good
spatial resolution.
NIR-Raman microspectroscopy and CARS microscopy were
used to map triterpenoid and aliphatic distribution in isolated
cuticles from the adaxial and abaxial sides of cherry laurel (Prunus
laurocerasus L.) leaves (Yu et al., 2008). The Raman peak at
728 cm−1 corresponding to the C-C stretching in the ring vibra-
tion of triterpenoids was used to monitor the distribution of these
cyclic components. In addition, the peak at 1130 cm−1 can be
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Table 2 | Definition of semi-quantitative ratios from FTIR and their interpretation for the characterization of fossilized plant cuticles (adapted
from Zodrow et al., 2012a).
Ratio Band region (cm−1)
Band-region ratios
Interpretation and remarks
CH2/CH3 3000-2800 Methylene/methyl ratio: It relates to aliphatic chain length and degree of branching of aliphatic side groups.
Higher value implies comparatively longer and straight chains, a lower value, shorter and more branched chains.
In some cases, CH2 and CH3 groups attached to aromatic rings can contribute and produce wrong results
Al/Ox (3000-2800)/(1800-
1600)
Aliphatic/oxygen-containing compounds ratio: Relative contribution of aliphatic C-H stretching bands (Al) to the
combined contribution of oxygen-containing groups and aromatic carbon (Ox). From higher values decreasing




Carbonyl/aromatic carbon groups ratio: Relative contribution of C=O to aromatic carbon groups. Higher values
indicate increasing carbonyl/carboxyl groups to aromatic carbon groups
C=O cont (∼1714)/(1800-1600) Carbonyl contribution: Relative contribution of carbonyl/carboxyl groups (C=O; peak centered near 1714 cm−1)
to combined contribution of oxygen-containing groups and aromatic carbon (C=C) structures
Ar/Al (900-700)/(3000-
2800)
Aromatic C-H out-of-plane bending/aliphatic ratio: Contribution of aromatic C-H out-of-plane bending modes to




Aromatic C-H out-of-plane bending/aromatic carbon groups ratio: Ratio of integrated area of aromatic C-H
out-of-plane bending deformations to those of aromatic carbon groups. Used as measure of degree of
condensation of aromatic rings
used to map very long chain constituents. Raman maps of the
adaxial cuticle showed that aliphatic waxes were homogeneously
distributed, while the triterpenoids were preferentially located on
the periclinal regions of the pavement cells. In the abaxial cuti-
cles, triterpenoids were found in higher amounts on the guard
cells. Aliphatic compounds accumulated in the cuticle above the
anticlinal cell walls of the pavement cells. In a similar way, CARS
microscopy was used to analyze the epicuticular waxes of P. lau-
rocerasus, Hoya carnosa (L.f.) R.Br. and Monstera deliciosa Liebm
leaves (Weissflog et al., 2010). In this case, most strong bands in
the Raman spectrum of extracted epicuticular waxes, asymmet-
rical and symmetrical stretching vibrations at around 2880 and
2840 cm−1, respectively, were employed to record CARS images.
Results demonstrated the feasibility tomonitor epicuticular waxes
by means of CARS microscopy and were comparable with s.e.m.
micrographs.
FTIR imaging technique have been used to obtain absorption
maps of cell wall aliphatic polyesters (cutin), amides and polysac-
charides of Arabidopsis petals (wild type and cutin mutants)
by transmission Fourier transform infrared microspectroscopy,
Figure 7 (Mazurek et al., 2013). In this study, the absorbance
maps obtained on the basis of the second derivative of bands
associated with C-H (2928, 2919, 2850, and 1465 cm−1) vibra-
tions showed a distribution of aliphatic material dominant in
the petal lamina, with intensities twofold smaller in the hinge
region. These maps were very similar to the corresponding for
ester band (1734 cm−1), indicating that cutin is the origin of these
vibrations.
CONCLUDING REMARKS AND OUTLOOKS
The characterization of plant cuticles by IR and Raman
spectroscopies has provided significant and valuable information
FIGURE 7 | FTIR imaging of Arabidopsis petals: absorbance maps
obtained on the basis of the second derivative of spectra for esters of
fatty acids at 1734 cm−1. More negative intensities (high concentration)
are indicated in dark blue. The zero level is indicated in red (adapted from
(Mazurek et al., 2013), with permission of John Wiley and Sons).
about the chemical nature, structure and arrangement of the dif-
ferent cuticle components. Nonetheless, it is important to remark
that despite the advantages of IR and Raman spectroscopies, the
information acquired from them is often limited. In our opin-
ion, it is highly advisable the complementation of IR and Raman
results with other techniques. In this sense, the chemical charac-
terization by nuclear magnetic resonance and the compositional
analysis by gas chromatography of the plant cuticle components
are appropriate tools.
It is important to remark that many of the reviewed papers
are focused in the characterization of tomato fruit cuticles. This
notoriety can be justified by the elevated agronomic interest of
these fruits, their high proportion of cuticle material, and the
easy isolation of their cuticles. Besides, the tomato fruit cuticle
is considered as a model system with well-known composition,
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structure and properties. The direct extrapolation of results to the
cuticles of other species and/or organs could be wrong. This could
be a good starting point in the research of other cuticle systems by
IR and Raman spectroscopies.
Several promising outlooks are envisaged in the research on
plant cuticles. Confocal Raman microscopy approaches used in
the characterization of cell walls can be extrapolated to plant
cuticles (Gierlinger et al., 2010, 2012). This can be applied,
for instance, to the study of the plant cuticle development and
decomposition. Also, the screening of plant cuticle mutants could
be carried out by Raman and IR analysis similarly to other studies
in cell walls (Chen et al., 2008). On the other hand, the exogenous
chemical-plant cuticle interaction remains as an interesting topic
and the application of models to study the diffusion of molecules
through the cuticle by ATR-FTIR can be useful and interesting
(Fieldson and Barbari, 1992; Yi and Pellegrino, 2002).
Finally, in terms of Ludwig Wittgenstein (see Initial quota-
tion), IR and Raman spectroscopies have shed light on the inter-
nal properties of plant cuticles. In other words, they have allowed a
better comprehension of the cuticular membrane. However, more
lights are necessary in the understanding of this heterodox and
complex plant system.
ACKNOWLEDGMENT
José A. Heredia-Guerrero is supported by a Marie Curie Intra-
European Fellowship, financed by the EU’s Seventh Framework
Programme for Research (FP7).
REFERENCES
Almendros, G., Dorado, J., Sanz, J., Alvarez-Ramis, C., Fernández-Marrón, M. T.,
and Archangelsky, S. (1999). Compounds released by sequential chemolysis
from cuticular remains of the Cretaceous Gymnosperm Squamastrobus tigrensis
(Patagonia, the Argentine). Org. Geochem. 30, 623–634. doi: 10.1016/S0146-
6380(99)00034-0
Arrieta-Baez, D., Cruz-Carrillo, M., Gómez-Patiño, M. B., and Zepeda-Vallejo,
L. G. (2011). Derivatives of 10,16-dihydroxyhexadecanoic acid isolated from
tomato (Solanum lycopersicum) as potential material for aliphatic polyesters.
Molecules 16, 4923–4936. doi: 10.3390/molecules16064923
Benítez, J. J., García-Segura, R., and Heredia, A. (2004a). Plant biopolyester cutin:
a tough way to its chemical synthesis. Biochim. Biophys. Acta 1674, 1–3. doi:
10.1016/j.bbagen.2004.06.012
Benítez, J. J., Matas, A. J., and Heredia, A. (2004b). Molecular characterization of
the plant biopolyester cutin by AFM and spectroscopic techniques. J. Struct.
Biol. 147, 179–184. doi: 10.1016/j.jsb.2004.03.006
Burghardt, M., and Riederer, M. (2006). “Cuticular transpiration,” in Biology of the
Plant Cuticle, eds M. Riederer and C. Müller (Oxford: Blackwell Publishing),
292–311. doi: 10.1002/9780470988718.ch9
Carreto, L., Almeida, A. R., Fernandes, A. C., and Vaz, W. L. C. (2002).
Thermotropic mesomorphism of a model system for the plant cuticular wax
layer. Biophys. J. 82, 530–540. doi: 10.1016/S0006-3495(02)75418-0
Chamel, A., and Maréchal, Y. (1992). Characterization of isolated plant cuticles
using Fourier Transform infrared (FTIR) spectroscopy. C. R. Acad. Sci. Paris
315, 347–354.
Chefetz, B. (2007). Decomposition and sorption characterization of plant cuticles
in soil. Plant Soil 298, 21–30. doi: 10.1007/s11104-007-9318-1
Chen, B., Li, Y., Guo, Y., Zhu, L., and Schnoor, J. L. (2008). Role of extractable lipids
and polymeric lipids in sorption of organic contaminants onto plant cuticles.
Environ. Sci. Technol. 42, 1517–1523. doi: 10.1021/es7023725
D’Angelo, J. A. (2006). Analysis by Fourier transform infrared spectroscopy
of Johnstonia (Corystospermales, Corystospermaceae) cuticles and com-
pressions from the Triassic of Cacheuta, Mendoza, Argentina. Ameghiniana
43, 669–685. Available online at: http://www.ameghiniana.org.ar/index.
php/ameghiniana/article/view/786
D’Angelo, J. A., Escudero, L. B., Volkheimer, W., and Zodrow, E. L. (2011).
Chemometric analysis of functional groups in fossil remains of the Dicroidium
flora (Cacheuta, Mendoza, Argentina): implications for kerogen formation. Int.
J. Coal Geol. 87, 97–111. doi: 10.1016/j.coal.2011.05.005
D’Angelo, J. A., Lyons, P. C., Mastalerz, M., and Zodrow, E. L. (2013). Fossil cutin of
Macroneuropteris scheuchzeri (Late Pennsylvanian seed fern, Canda). Int. J. Coal
Geol. 105, 137–140. doi: 10.1016/j.coal.2012.10.012
D’Angelo, J. A., and Zodrow, E. L. (2011). Chemometric study of functional groups
in different layers of Trigonocarpus grandis ovules (Pennsylvanian seed fern,
Canada).Org. Geochem. 42, 1039–1054. doi: 10.1016/j.orggeochem.2011.06.022
D’Angelo, J. A., Zodrow, E. L., and Camargo, A. (2010). Chemometric
study of functional groups in Pennsylvanian gymnosperm plant organs
(Sydney Coalfield, Canada): implications for chemotaxonomy and
assessment of kerogen formation. Org. Geochem. 41, 1312–1325. doi:
10.1016/j.orggeochem.2010.09.010
Domínguez, E., Fernández, M. D., López Hernández, J. C., Pérez-Parra, J., España,
L., Heredia, A., et al. (2012). Tomato fruit continues growing while ripen-
ing, affecting cuticle properties and cracking. Physiol. Plant. 146, 473–486. doi:
10.1111/j.1399-3054.2012.01647.x
Domínguez, E., and Heredia, A. (1999). Water hydration in cutinized cell walls: a
physic-chemical analysis. BBA-Gen. Subj. 1426, 168–176. doi: 10.1016/S0304-
4165(98)00152-4
Domínguez, E., Heredia-Guerrero, J. A., and Heredia, A. (2011). The biophys-
ical design of plant cuticle: an overview. New Phytol. 189, 938–949. doi:
10.1111/j.1469-8137.2010.03553.x
Dubis, E. N., Dubis, A. T., andMorzycki, J.W. (1999). Comparative analysis of plant
cuticular waxes using HATR FT-IR reflection technique. J. Mol. Struct. 511–512,
173–179. doi: 10.1016/S0022-2860(99)00157-X
Dubis, E. N., Dubis, A. T., and Popławski, J. (2001). Determination of the aromatic
compounds in plant cuticular waxes using FT-IR spectroscopy. J. Mol. Struct.
596, 83–88. doi: 10.1016/S0022-2860(01)00691-3
España, L., Heredia-Guerrero, J. A., Segado, P., Benítez, J. J., Heredia, A., and
Domínguez, E. (2014). Biomechanical properties of the tomato (Solanum
lycopersicum) fruit cuticle during development are modulated by changes
in the relative amounts of its components. New Phytol. 202, 790–802. doi:
10.1111/nph.12727
Fernández, V., Khayet, M., Montero-Prado, P., Heredia-Guerrero, J. A.,
Liakopoulos, G., Karabourniotis, G., et al. (2011). New insights into the proper-
ties of pubescent surfaces: peach fruit as a model. Plant Physiol. 156, 2098–2108.
doi: 10.1104/pp.111.176305
Fieldson, G. T., and Barbari, T. A. (1992). The use of FTi.r.-a.t.r. spectroscopy
to characterize penetrant diffusion in polymers. Polymer 34, 1146–1153. doi:
10.1016/0032-3861(93)90765-3
Fukushima, M., and Katagi, T. (2006). Photodegration of fenitrothion and
parathion in tomato epicuticular waxes. J. Agric. Food Chem. 54, 474–479. doi:
10.1021/jf052113d
Gierlinger, N., Keplinger, T., and Harrington, M. (2012). Imaging of plant
cell walls by confocal Raman microscopy. Nat. Protocol. 7, 1694–1708. doi:
10.1038/nprot.2012.092
Gierlinger, N., Luss, S., König, C., Konnerth, J., Eder, M., and Fratzl, P. (2010).
Cellulose microfibril orientation of Picea abies and its variability at the
micron-level determined by Raman imaging. J. Exp. Bot. 61, 587–595. doi:
10.1093/jxb/erp325
Girard, A. L., Mounet, F., Lemaire-Chamley, M., Gaillard, C., Elmorjani, K.,
Vivancos, J., et al. (2012). Tomato GDSL1 is required for cutin deposi-
tion in the fruit cuticle. Plant Cell 24, 3119–3134. doi: 10.1105/tpc.112.
101055
Gómez-Patiño, M. B., Cassani, J., Jaramillo-Flores, M. E., Zepeda-Vallejo, L.
G., Sandoval, G., Jimenez-Estrada, M., et al. (2013). Oligomerization of
10,16-dihydroxyhexadecanoic acid and methyl 10,16-dihydroxyhexadecanoate
catalyzed by lipases. Molecules 18, 9317–9333. doi: 10.3390/molecules
18089317
Greene, P. R., and Bain, C. D. (2005). Total internal reflection Raman spec-
troscopy of barley leaf epicuticular waxes in vivo. Colloid Surf. B-Biointerfaces
45, 174–180. doi: 10.1016/j.colsurfb.2005.08.010
Günzler, H., and Gremlich, H. (2002). IR Spectroscopy: an Introduction. Weinheim:
Wiley-VCH Verlag GmbH.
Guzmán, P., Fernández, V., García, M. L., Khayet, M., and Gil, L. (2014).
Localization of polysaccharides in isolated and intact cuticles of eucalypt, poplar
Frontiers in Plant Science | Plant Biophysics and Modeling June 2014 | Volume 5 | Article 305 | 12
Heredia-Guerrero et al. IR/Raman features of plant cuticles
and pear leaves by enzyme-gold labelling. Plant Physiol. Biochem. 76, 1–6. doi:
10.1016/j.plaphy.2013.12.023
Heredia, A. (2003). Biophysical and biochemical characteristics of cutin, a plant
barrier biopolymer. Biochim. Biophys. Acta 1620, 1–7. doi: 10.1016/S0304-
4165(02)00510-X
Heredia-Guerrero, J. A., de Lara, R., Domínguez, E., Heredia, A., Benavente, J., and
Benítez, J. J. (2012). Chemical-physical characterization of isolated plant cuti-
cles subjected to low-dose γ-irradiation. Chem. Phys. Lipids 165, 803–808. doi:
10.1016/j.chemphyslip.2012.10.003
Heredia-Guerrero, J. A., Heredia, A., García-Segura, R., and Benítez, J. J. (2009).
Synthesis and characterization of a plant cutin mimetic polymer. Polymer 50,
5633–5637. doi: 10.1016/j.polymer.2009.10.018
Himmelsbach, D. S., and Akin, D. E. (1998). Near-infrared Fourier-transform
Raman spectroscopy of flax (Linum usirarissimum L.) stems. J. Agric. Food
Chem. 46, 991–998. doi: 10.1021/jf970656k
Himmelsbach, D. S., Khahili, S., and Akin, D. E. (1999). Near-infrared-Fourier-
transform-Raman microspectroscopic imaging of flax stems. Vib. Spectrosc. 19,
361–367. doi: 10.1016/S0924-2031(98)00065-4
Jeffree, C. H. (2006). “The fine structure of the plant cuticle,” in Biology of the Plant
Cuticle, eds M. Riederer and C. Müller (Oxford: Blackwell Publishing), 11–125.
doi: 10.1002/9780470988718.ch2
Jetter, R., Kunst, L., and Samuels, A. L. (2006). “Composition of plant
cuticular waxes,” in Biology of the Plant Cuticle, eds M. Riederer and
C. Müller (Oxford: Blackwell Publishing), 145–181. doi: 10.1002/9780470
988718.ch4
Johnson, E. J., Dorot, O., Liu, J., Chefetz, B., and Xing, B. (2007). Spectroscopic
characterization of aliphatic moieties in four plant cuticles. Commun. Soil Sci.
Plant Anal. 38, 2461–2478. doi: 10.1080/00103620701588841
Kerp, H. (1991). The study of fossil gymnosperms by means of cuticular analysis.
Palaios 5, 548–569. doi: 10.2307/3514861
Khanal, B. P., Grimm, E., Finger, S., Blume, A., and Knoche, M. (2013).
Intracuticular wax fixes and restricts strain in leaf and fruit cuticles.New Phytol.
200, 134–143. doi: 10.1111/nph.12355
Koch, K., and Barthlott, W. (2009). Superhydrophobic and superhydrophilic plant
surfaces: an inspiration for biomimetic materials. Phil. Trans. R. Soc. A 367,
1487–1509. doi: 10.1098/rsta.2009.0022
Krˇížová, J., Mateˇjka, P., and Volka, K. (1999). Fourier-transform Raman spec-
troscopic study of surface of Norway spruce needles. J. Mol. Struct. 480–481,
547–550. doi: 10.1016/S0022-2860(98)00735-2
Laserna, J. J. (1996). Modern Techniques in Raman Spectroscopy. Chichester: John
Willey & Sons Ltd.
Li, Y., Chen, B., and Zhu, L. (2010). Single-solute and bi-solute sorption of phenan-
threne and pyrene onto pine needle cuticular fractions. Environ. Poll. 158,
2478–2484. doi: 10.1016/j.envpol.2010.03.021
López-Casado, G., Matas, A. J., Domínguez, E., Cuartero, J., andHeredia, A. (2007).
Biomechanics of isolated tomato (Solanum lycopersicum L.) fruit cuticles: the
role of the cutin matrix and polysaccharides. J. Exp. Bot. 58, 3875–3883. doi:
10.1093/jxb/erm233
Luque, P., Bruque, S., and Heredia, A. (1995). Water permeability of isolated cutic-
ular membranes – a structural analysis. Arch. Biochem. Biophys. 317, 417–422.
doi: 10.1006/abbi.1995.1183
Luque, P., Heredia, A., Ramírez, F. J., and Bukovac, M. J. (1993). Characterization
of NO2 bound to the plant cuticle by FT-IR spectroscopy. Z. Naturforsch. 48c,
666–669.
Luque, P., Ramírez, F. J., Heredia, A., and Bukovac, M. J. (1994). “Fourier trans-
form IR studies on the interaction of selected chemicals with isolates cuticles,”
in Air Pollutants and the Leaf Cuticle, NATO ASI Series, Vol. G 36, eds K.
E. Percy, J. N. Cape, R. Jagels, and C. J. Simpson (Berlin: Springer-Verlag),
217–223.
Lyons, P. C., Orem, W. H., Mastalerz, M., Zodrow, E. L., Vieth-Redemann, A.,
and Bustin, R. M. (1995). 13C NMR, micro-FTIR and fluorescence spectra,
and pyrolysis-gas chromatograms of coalified foliage of late Carboniferous
medullosan seed ferns, Nova Scotia, Canada: implications for coalification and
chemotaxonomy. Int. J. Coal Geol. 27, 227–248. doi: 10.1016/0166-5162(94)0
0024-T
Maréchal, Y. (1996). Configurations adopted by H2O molecules: results from IR
spectroscopy. Faraday Discuss. 103, 349–361. doi: 10.1039/fd9960300349
Maréchal, Y., and Chamel, A. (1996). Water in a biomembrane by infrared spec-
troscopy. J. Phys. Chem. 100, 8551–8555. doi: 10.1021/jp951981i
Maréchal, Y., and Chamel, A. (1997). Interaction configurations of H2O molecules
adsorbed in isolated plant cuticles by infrared spectrometry. Biospectroscopy 3,
143–153.
Mazurek, S., Mucciolo, A., Humbel, B. M., and Nawrath, C. (2013). Transmission
Fourier transform infrared microspectroscopy allows simultaneous assessment
of cutin and cell-wall polysaccharides of Arabidopsis petals. Plant J. 74, 880–891.
doi: 10.1111/tpj.12164
Mendes, J. A. S., Prozil, S. O., Evtuguin D, V., and Lopes L, P. C. (2013). Towards
comprehensive utilization of winemaking residues: characterization of grape
skins from red grape pomaces of variety Touriga nacional. Ind. Crop. Prod. 43,
25–32. doi: 10.1016/j.indcrop.2012.06.047
Merk, S., Blume, A., and Riederer, M. (1998). Phase behaviour and crystallinity
of plant cuticular waxes studied by Fourier transform infrared spectroscopy.
Planta 204, 44–53. doi: 10.1007/s004250050228
Morrison III, W. H., Akin, D. E., Himmelsbach, D. S., and Gamble, G. R. (1999).
Chemical, microscopic, and instrumental analysis of graded flax fibre and yarn.
J. Sci. Food Agric. 79, 3–10.
Mösle, B., Collinson, M. E., Finch, P., Stankiewicz, B. A., Scott, A. C., and Wilson,
R. (1998). Factors influencing the preservation of plant cuticles: a comparison
of morphology and chemical composition of modern and fossil examples. Org.
Geochem. 29, 1369–1380. doi: 10.1016/S0146-6380(98)00080-1
Plešerová, L., Budínová, G., Havírˇová, K., Mateˇjka, P., Skácel, F., and Volka,
K. (2001). Multivariate analysis of attenuated total reflection spectra of
Norway spruce needles. J. Mol. Struct. 565–566, 311–315. doi: 10.1016/S0022-
2860(00)00928-5
Pollard, M., Beisson, F., Li, Y., and Ohlrogge, J. B. (2008). Building lipid bar-
riers: biosynthesis of cutin and suberin. Trends Plant Sci. 13, 236–246. doi:
10.1016/j.tplants.2008.03.003
Prinsloo, L. C., du Plooy, W., and van der Merwe, C. (2004). Raman spectroscopic
study of the epicuticular wax layer of mature mango (Mangifera indica) fruit.
J. Raman Spectrosc. 35, 561–567. doi: 10.1002/jrs.1185
Ramírez, F. J., Luque, P., Heredia, A., and Bukovac, M. J. (1992). Fourier transform
IR of enzymatically isolated tomato fruit cuticular membrane. Biopolymers 32,
1425–1429. doi: 10.1002/bip.360321102
Ribeiro da Luz, B. (2006). Attenuated total reflectance spectroscopy of plant leaves:
a tool for ecological and botanical studies. New Phytol. 172, 305–318. doi:
10.1111/j.1469-8137.2006.01823.x
Riederer, M., and Schreiber, L. (1995). “Waxes – the transport barriers of plant cuti-
cles,” in Waxes: Chemistry, Molecular Biology and Functions, ed R. J. Hamilton
(Dundee: The Oily Press), 130–156.
Serra, O., Chatterjee, S., Huang, W., and Stark, R. E. (2012). Mini-review: what
nuclear magnetic resonance can tell us about protective tissues. Plant Sci. 195,
120–124. doi: 10.1016/j.plantsci.2012.06.013
Stewart, D. (1996). Fourier-Transform infrared microscopy of plant tissues. Appl.
Spectrosc. 50, 357–365. doi: 10.1366/0003702963906384
Stewart, D., MacDougall, G. J., and Baty, A. (1995). Fourier-Transform microspec-
troscopy of anatomically different cells of flax (Linum usitatissimum) stems dur-
ing development. J. Agric. Food Chem. 43, 1853–1858. doi: 10.1021/jf00055a019
Sugiura, H., Kawasaki, Y., Suzuki, T., and Maegawa, M. (2009). The structural and
histochemical analyses and chemical characters of the cuticle and epidermal
walls of cotyledon in ungerminated seeds of Zostera marina L. Fisch. Sci. 75,
369–377. doi: 10.1007/s12562-009-0064-6
Tegelaar, E. W., De Leeuw, J. W., Largeau, C., Derenne, S., Schulten, H. R., Müller,
R., et al. (1989). Scope and limitations of several pyrolysis methods in the
structural elucidation of a macromolecular plant constituent in the leaf cuticle
of Agave americana L. J. Anal. Appl. Pyrolysis 15, 29–54. doi: 10.1016/0165-
2370(89)85021-1
Teixeira, A. C. T., Fernandes, A. C., Garcia, A. R., Ilharco, L. M., Brogueira, P., and
Gonçalves da Silva, A. M. P. S. (2007). Microdomains in mixed monolayers of
oleanolic and stearic acids: thermodynamic study and BAM observation at the
air-water interface and AFM and FTIR analysis of LB monolayers. Chem. Phys.
Lipids 149, 1–13. doi: 10.1016/j.chemphyslip.2007.05.004
Teixeira, A. C. T., Garcia, A. R., Ilharco, L. M., Gonçalves da Silva, A. M. P. S.,
and Fernandes, A. C. (2009). Phase behaviour of oleanolic acid/stearyl stearate
binary mixtures in bulk and at the air-water interface. Chem. Phys. Lipids 160,
45–57. doi: 10.1016/j.chemphyslip.2009.04.001
Trebolazabala, J., Maguregui, M., Morillas, H., de Diego, A., and Madariaga, J. M.
(2013). Use of portable devices and confocal Raman spectrometers at different
wavelength to obtain the spectral information of the main organic components
www.frontiersin.org June 2014 | Volume 5 | Article 305 | 13
Heredia-Guerrero et al. IR/Raman features of plant cuticles
in tomato (Solanum lycopersicum) fruits. Spectrochim. Acta. A Mol. Biomol.
Spectrosc. 105, 391–399. doi: 10.1016/j.saa.2012.12.047
Tsubaki, S., and Azuma, J. (2013). Total fractionation of green tea residue
by microwave-assisted alkaline pretreatment and enzymatic hydrol-
ysis. Bioresource Technol. 131, 485–491. doi: 10.1016/j.biortech.2013.
01.001
Uzu, G., Sobanska, S., Sarret, G., Muñoz, M., and Dumat, C. (2010). Foliar lead
uptake by lettuce exposed to atmospheric fallouts. Environ. Sci. Technol. 44,
1036–1042. doi: 10.1021/es902190u
Vilela, C., Sousa, A. F., Fonseca, A. C., Serra, A. C., Coelho, J. F. J., Freire, C. S.
R., et al. (2014). The quest for sustainable polyesters – insights into the future.
Polym. Chem. 5, 3119–3141. doi: 10.1039/c3py01213a
Villena, J. F., Domínguez, E., and Heredia, A. (2000). Monitoring biopolymers
present in plant cuticles by FT-IR spectroscopy. J. Plant Physiol. 156, 419–422.
doi: 10.1016/S0176-1617(00)80083-8
Villena, J. F., Domínguez, E., Stewart, D., and Heredia, A. (1999). Characterization
and biosynthesis of non-degradable polymers in plant cuticles. Planta 208,
181–187. doi: 10.1007/s004250050548
Walton, T. J., and Kolattukudy, P. E. (1972). Determination of the structures
of cutin monomers by a novel depolymerization procedure and combined
gas chromatography and mass spectrometry. Biochemistry 11, 1885–1897. doi:
10.1021/bi00760a025
Weissflog, I., Vogler, N., Akimov, D., Dellith, A., Schachtschabel, D., Svatos, A., et al.
(2010). Toward in vivo chemical imaging of epicuticular waxes. Plant Physiol.
154, 604–610. doi: 10.1104/pp.110.161786
Yan, H., Hua, Z., Qian, G., Wang, M., Du, G., and Chen, J. (2009). Analysis of
the chemical composition of cotton seed coat by Fourier-transform infrared
(FT-IR) microspectroscopy. Cellulose 16, 1099–1107. doi: 10.1007/s10570-009-
9349-2
Yeats, T. H., and Rose, J. K. C. (2013). The formation and function of plant cuticles.
Plant Physiol. 163, 5–20. doi: 10.1104/pp.113.222737
Yi, X., and Pellegrino, J. (2002). Diffusion measurements with Fourier trans-
form infrared attenuated total reflection spectroscopy: water diffusion in
polypropylene. J. Polym. Sci. B Polym. Phys. 40, 980–991. doi: 10.1002/polb.
10161
Yu, M. M. L., Konorov, S. O., Schulze, H. G., Blades, M. W., Turner,
R. F. B., and Jetter, R. (2008). In situ analysis by microspectroscopy
reveals triterpenoid compositional patterns within leaf cuticles of
Prunus laurocerasus. Planta 227, 823–834. doi: 10.1007/s00425-007-
0659-z
Yu, M. M. L., Schulze, H. G., Jetter, R., Blades, M. W., and Turner, R. F. B. (2007).
Raman microspectroscopic analysis of triterpenoids found in plant cuticles.
Appl. Spectrosc. 61, 32–37. doi: 10.1366/000370207779701352
Zodrow, E. L., D’Angelo, J. A., Helleur, R., and Šimu˚nek, Z. (2012a). Functional
groups and common pyrolysate products of Odontopteris cantabrica (index fos-
sil for the Cantabrian Substage, Carboniferous). Int. J. Coal Geol. 100, 40–50.
doi: 10.1016/j.coal.2012.06.002
Zodrow, E. L., D’Angelo, J. A., Mastalerz, M., and Keefe, D. (2009). Compression-
cuticle relationship of seed ferns: insights from liquid-solid states FTIR (Late
Palaeozoic-Early Mesozoic, Canada-Spain-Argentina). Int. J. Coal Geol. 79,
61–73. doi: 10.1016/j.coal.2009.06.001
Zodrow, E. L., and Mastalerz, M. (2009). A proposed origin for fossilized
Pennsylvanian plant cuticles by pyrite oxidation (Sydney Coalfield, Nova Scotia,
Canada). Bull. Geosci. 84, 227–240. doi: 10.3140/bull.geosci.1094
Zodrow, E. L., Mastalerz, M., and Helleur, R. (2012b). Lepidodendron dawsonii:
functional groups and pyrolysates of compression and fossilized-cuticle (Late
Asturian, Canada). Geol. Croat. 65, 367–374. doi: 10.4154/GC.2012.26
Zodrow, E. L., Mastalerz, M., Orem, W. H., Šimùnek, Z., and Bashforth, A. R.
(2000). Functional groups and elemental analyses of cuticular morphotypes
of Cordaites principalis (Germar) Geinitz, Carboniferous Maritimes Basin,
Canada. Int. J. Coal Geol. 45, 1–19. doi: 10.1016/S0166-5162(00)00018-5
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 30 April 2014; paper pending published: 24 May 2014; accepted: 09 June
2014; published online: 25 June 2014.
Citation: Heredia-Guerrero JA, Benítez JJ, Domínguez E, Bayer IS, Cingolani R,
Athanassiou A and Heredia A (2014) Infrared and Raman spectroscopic features of
plant cuticles: a review. Front. Plant Sci. 5:305. doi: 10.3389/fpls.2014.00305
This article was submitted to Plant Biophysics and Modeling, a section of the journal
Frontiers in Plant Science.
Copyright © 2014 Heredia-Guerrero, Benítez, Domínguez, Bayer, Cingolani,
Athanassiou and Heredia. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Plant Science | Plant Biophysics and Modeling June 2014 | Volume 5 | Article 305 | 14
